Original scientific paper The paper presents the results of investigation of the influence of conditions of forming emulsion and oil mist on the chip shape and surface roughness of X10CrNi18-8 stainless steel during turning. In the tests, the following machining operations have been compared: dry machining, cooling by the MQCL (Minimal Quantity Cooling Lubricat) method, cooling by the MQL (Minimum Quantity Lubricat) method. The tests have been performed in two stages. In the first stage, the influence of the mass flow of the active medium on the chip shape and on the Ra and Rq roughness parameters of the machined surface have been determined. The purpose of stage two was to determine the influence of the MQL and MQCL method on the selected indices of the machining process as compared to dry machining as a function of variable cutting speed. It has been found that, under MQCL and MQL conditions, the area of formation of elemental chips and ones with the shape of short spirals is wider as compared to dry turning. With increased mass flow of emulsion and oil, tangled chip is formed. Cooling by the MQCL and MQL method results in reduction of the selected roughness parameter values by 2 % to 42 % as compared to dry machining.
Introduction
The process of cutting metals takes place in the surrounding of air or cooling and lubricating liquids (CLL) purposely supplied to the cutting area. There are many ways of delivering those substances to the cutting zone depending on the method of machining and on the material which is subjected to machining. Nowadays, due to the use of new tool materials, it is possible to apply machining technologies which do not require the application of liquids. However, in precision machining, for the sake of better geometrical state of the surface, process engineers still recommend the use of at least minimum quantity of CLL (Minimum Quantity Cooling Lubricant -MQCL or Minimum Quantity Lubricant -MQL) supplied to the cutting zone by means of compressed air. The MQCL and MQL methods replace machining with the use of CLL due to its many drawbacks, because CLL is an undesired factor in the process of machining for economical, ecological, health and technological reasons [1] .
The way of supplying and the quantity of CLL delivered to the cutting zone largely influence machinability of constructional materials. The application of MQCL and MQL definitely improves machinability, extends the cutting wedge life [2] and influences many other factors of the machining process -it reduces the cutting forces [3] , improves heat dissipation [4] reduces the machined surface roughness [4 ÷ 6] and influences the process of chip formation [3] . One must not forget, too, the environmental aspect. Small quantity of CLL used in the MQCL and MQL method (as little as 50 ml/h) [1] solves the problem of CLL disposal and reduces the costs involved in the application of it [7] .
Although the methods described above are promising for many machining applications [8 ÷ 10] , some basic issues related to their use, such as the selection of the conditions of creating the "active medium -air mixture" in the MQCL and MQL method have not been fully investigated [11] . Examples of experimental investigations aiming at reduction of the use of cooling lubricant substances (CLL) can be found in literature [12 ÷ 14] , but those publications do not mention problems related to the cooling conditions and heat flow in the cutting zone. That is why one of very important parameters of selecting effective conditions of emulsion and oil mist formation and supplying is mass flow of emulsion which influences also the machined surface roughness [15] .
The objective of the present paper is to determine the effectiveness of applying ecological methods of cooling as compared to dry machining, as well as to determine the influence of the emulsion mist formation conditions on the selected indices of machining.
Material and methods

Cutting conditions
The tests have been performed with the use of X10CrNi18-8 stainless steel. The chemical composition, structure and properties can be found in Tab. 1. Cutting tests have been performed on a CU502 universal lathe with the use of a lathe tool with uncoated plate of P25 sintered carbide, with the symbol, ISO SNUN120408 fixed in holder, ISO-CSDBM 2020-M12. The wedge geometry: main cutting edge angle κ r = 70°, auxiliary cutting edge angle κ r ' = 20°, rake angle, γ = −8°. In the MQCL method, OPORTET RG-2 emulsion concentrate has been used as the active medium. It is a universal medium applied in turning, milling and threading. It does not lose its utilization properties for a long time and does not contain such compounds as nitrates, chlorine, formaldehydes. The concentrate content in water was 4 %. In the MQL method, CUTSOL oil has been used. The oil has balanced lubricating properties. It is resistant to high pressures, which is one of the main requirements imposed to processing liquids in machining processes. In accordance with the producer's recommendation, concentration of 5 % has been applied. In the MQCL method, the emulsion mist has been formed with the use of Micronizer 1LN Micro Unit Wlenox Nozzle device provided with air flow and emulsion flow control nozzles. The device has been coupled to a compressor. The pressure generated by the compressor was 2 MPa.
Experimental procedure
The tests have been performed in the cutting speed range of 50 ÷ 350 m/min, feed rate range of 0,1 ÷ 0,5 mm/rev, active medium flow range of 1,5 ÷ 3,6 g/min and air flow range of 4,7 ÷ 6,9 m 3 /h. Constant cutting depth of 1 mm corresponding to finish machining has been applied [7] .
Roughness measurement has been performed on a TR-200 device in accordance with ISO 4287:1998 standard. The following roughness indices have been examined: arithmetical average of Ra profile ordinates and root mean square deviation of the assessed profile Rq that is functionally associated with the parameter Ra. However, from a scientific point of view, Rq parameter is a better parameter, because it corresponds to the standard deviation σ applicable in the statistics. Krolczyk et al. [16] presented influence of cutting speed on Ra and Rq parameters in dry turning of duplex stainless steel. Interesting fact is that low values of roughness parameters were shown for the lower cutting speed.
Large number of variables has necessitated the use of a contemporary method of investigation planning. For that reason, the Parameter Space Investigation method has been applied [17] which consists in locating individual examination points in multi-dimensional space so that the points of their projections on axes X 1 −X 2 , X 2 −X 3 ,…, X i −X j are situated at equal distances between each other (Fig. 1) . Based on the algorithm presented in [17] , a computer program has been elaborated and the coordinates of the examination points have been calculated assuming X min = 0 and X max = 1. Generally speaking, for the analysis of the function, f(X i ), it is sufficient to perform examinations in seven points of the multi-dimensional space. In this case, we obtain 7 points on each of the X i axes because the minimum number in case of an unknown complicated function is 5. Such number of points suffices for statistical calculation of measurement results. In Tab. 2, one can find the coordinates of 7 examination points assuming X min = 0 and X max = 1. The study assumed that X 1 corresponds to the feed rate, X 2 − cutting speed, X 3 − fluid mass flow and X 4 − volumetric flow of air. Fig. 2 , one can see the changes of the chip shapes in dry turning, as well as in MQCL and MQL conditions depending on the variable cutting speed v c and feed rate f.
When turning X10CrNi18-8 stainless steel, the most favourable chip shape has been observed with the application of the MQCL and MQL method. In those conditions, the range of machining parameters, at which chips in the form of short spirals or completely loose are formed, is extended (the limit is marked by the broken line in Fig. 2 ). Such chips do not damage the machined surface and are easy to remove from the cutting zone. On the other hand, tangled chip or one in the form of long spirals is difficult to remove and increases the machined surface roughness as a result of permanent contact with it. Fig. 3 shows the chip shape when cooling by the MQCL and MQL methods depending on the parameters of the emulsion and oil mist generation. It has been found (Fig. 3 ) that tangled chips are formed only at relatively large emulsion and oil flows. In this case, the active medium interacts more effectively with the heated surfaces of the chip and tool as compared to fluid. On the one hand, the active components contained in the emulsion droplets more easily penetrate the contact surface, on the other hand, the cutting heat is dissipated from the cutting zone not only due to the phenomenon of convection but mainly due to the evaporation of micro-droplets. The process of evaporation is much more effective as compared to convection. It can be assumed that, under these conditions significant changes take place in all contact phenomena. It has been observed (Fig. 5 ) that, with an increase of the active medium flow, increase of the selected roughness parameters takes place both in the MQCL and in the MQL method. For the Ra parameter, the lowest values have been obtained in the MQCL method; for the Rq parameter, in the MQCL method up to the value of E < 2,2 g/min, in the MQL method above that value.
Conclusions
Ecological cooling methods advantageously influence selected indices of cutting as compared to dry machining. Influence of the active medium quantity on the chip shape and the machined surface roughness' has also been observed. From the present investigation, the following conclusions can be drawn: 1) It has been observed, when analysing the chip shape, that cooling by the MQCL and MQL method renders better effects as compared to dry machining. With these kinds of cooling, the range of cutting parameters in which chips in the form of short spiral sections or completely loose ones are generated. Such chips do not damage the machined surface and are easy to remove from the cutting zone. 2) Application of the MQCL and MQL method reduces the values of roughness parameters of machined surface of X10CrNi18-8 stainless steel as compared to dry machining. 3) Increase of the active medium mass flow results in increasing of the machined surface roughness and deterioration of effects due to the chip shape as long and tangled chips are generated. Favourable chip shapes are obtained with emulsion flow of about E = 2 g/min.
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